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ABSTRACT 
Improper handling, storage and disposal of organic substances is 
responsible for a significant number of environmental contamination 
incidents in Illinois. Although many methods are available for the 
treatment of organic contaminants in industrial wastewater and contami-
nated ground water, most methods have drawbacks associated with them. 
Most treatment processes currently used for the cleanup of organic 
contaminants in ground water and industrial wastewater simply transfer 
the contaminant between media, rather than destroy it. There is a 
need for a treatment process which can convert hazardous organic 
chemicals to harmless by-products, is universally applicable to various 
organic contaminants, and is practical for use on dilute waste streams. 
Another desirable feature would be the ability to skid- or 
trailer-mount the process, to make it transportable for cleanup of con-
tamination at remote locations. 
A group of treatment processes known as Advanced Oxidation 
Processes (AOPs) rely on the generation of free-radicals in sufficient 
quantity to destroy organi c contaminants in water. Examples of such 
processes are ozonation in combination with ultraviolet radiation (UV), 
ozonation in combination with hydrogen peroxide addition, and hydrogen 
peroxide in combination with UV. The effectiveness of these processes 
is due to the generation of hydroxyl radical, one of the most powerful 
known solution-phase oxidants. Because of this, the advanced oxidation 
processes have the capability to convert organic contaminants entirely 
to innocuous substances such as carbon dioxide. Although the advanced 
oxidation processes have been extensively studied in the laboratory, 
very few pilot or full-scale studies have been reported. Engineers 
have been understandably reluctant to specify AOPs in treatment process 
design, because reliable design, cost and operating information have 
not been readily available. 
The purpose of this proj ect was to assemble a mobile pilot plant 
which can be taken to field sites and operated to provide the informa-
tion needed to facilitate the acceptance of these clean treatment 
processes by engineers and administrators. This report describes the 
design and capabilities of the assembled Mobile Oxidation Pilot Plant 
(MOPP), as well as some preliminary results from limited testing. 
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EXECUTIVE SUMMARY 
Introduction 
Improper handling, storage and disposal of organic substances is 
responsible for a significant number of environmental contamination 
incidents in Illinois. Although many methods are available for the 
treatment of organic contaminants in industrial wastewater and contami-
nated ground water, most methods have drawbacks associated with them. 
Most treatment processes currently used for the cleanup of organic 
contaminants in ground water and industrial wastewater simply transfer 
the contaminant between media, rather than destroy it. There is a 
need for a treatment process which can convert hazardous organic 
chemicals to harmless by-products, is universally applicable to various 
organic contaminants, and is practical for use on dilute waste streams. 
Another desirable feature would be the abili ty to skid- or 
trailer-mount the process, to make it transportable for cleanup of con-
tamination at remote locations. 
A group of treatment processes known as Advanced Oxidation 
Processes (AOPs) rely on the generation of free-radicals in sufficient 
quanti ty to' destroy organic contaminants in water. Examples of such 
processes are ozonation in combination with ultraviolet radiation (UV), 
ozonation in combination with hydrogen peroxide addition, and hydrogen 
peroxide in combination with UV. The effectiveness of these processes 
is due to the generation of hydroxyl radical, one of the most powerful 
known solution-phase oxidants. Because of this, the advanced oxidation 
processes have the capability to convert organic contaminants entirely 
to innocuous substances such as carbon dioxide. Although the advanced 
oxidation processes have been extensively studied in the laboratory, 
very few pilot or full-scale studies have been reported. Engineers 
have been understandably reluctant to specify AOPs in treatment process 
design, because reliable design, cost and operating information have 
not been readily available. 
This project was the first phase in a program to provide 
pilot-scale design and operational data for the AOPs under a variety of 
treatment conditions. Field operation will provide the information, 
needed to facilitate the acceptance of these clean treatment processes 
by engineers, regulators, and administrators. The purpose of this 
project was to assemble a mobile treatment unit to be made available in 
Phase II for the testing of the AOPs on contaminated streams from 
various situations, including contaminated ground water, landfill 
leachate, and industrial wastewater. The Mobile Oxidation Pilot Plant 
(MOPP) currently has the capability to operate in the ozone/UV, 
ozone/peroxide, peroxide/UV, ozone-only, peroxide-only, or UV-only 
modes. It can also be operated in the ozone/peroxide/UV mode, but 
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little advantage is to be gained from that configuration. The design 
and capabilities of the MOPP are described in detail in Chapter 3. 
Preliminary testing has been performed with the MOPP, in order to 
ensure proper operation of the equipment and to identify any 
inadequacies in the original plant design. In addition, limited tests 
of contaminant destruction were performed, to help delineate operating 
conditions. In order to approximate common ground-water contamination 
conditions the feed solution chosen for these studies was 100 j..lg/L of 
trichloroethylene in tap water. These tests are described in Chapter 
4. 
The Chemistry of the Advanced Oxidation Processes (AOPs) 
The chemistry of the advanced oxidation processes has been 
previously discussed in a number of publications from this research 
group. The power of these treatment systems is due to the generation 
of hydroxyl radical, which is capable of destroying most organic 
contaminants. If taken to completion, the reaction can completely 
convert the organic contaminant to the harmless substances carbon 
diOXide, water, etc. 
Under certain condi tions, the reactions whi ch generate hydroxyl 
radical can become part of a chain reaction which consumes ozone and 
produces hydroxyl radical. The purpose of using UV or hydrogen 
peroxide is to initiate the chain reactions. Once started, the chains 
are carried on by promoters. Promoters for the chain reactions may be 
produced as by-products of the oxidation reactions, or may already be 
present as natural components of the water or the contaminants 
themselves. 
Because of the presence of natural promoters, ozonation is 
frequently almost as effective as AOPs for the destruction of dilute 
contaminants in natural water. In more concentrated solutions, such as 
encountered in the treatment of wastewater containing hazardous organic 
materials, the sustaining reactions of the promoters are usually too 
slow, and one of the AOPs must be used to achieve treatment in a 
reasonable length of time. 
MOPP Design and Capabilities 
Plant Layout 
The MOPP was divided into three sections: the laboratory area, 
the control area, and the process area. The analytical laboratory was 
partitioned off from the process area by a noninsulated wall (dry wall) 
and a door. The control and process areas were divided by an insulated 
wall and a door that has a plexiglass window for viewing. This wall 
has a 6' x 7' movable section that can be removed to allow large pieces 
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of equipment to be moved in or out of the MOPP through the trailer's 
large exterior side doors. 
The analytical laboratory houses the air-conditioner/heat pump 
that controls the temperature in the laboratory area and control area 
using an exhaust fan above the door. 
The laboratory is equipped with the following instruments and 
supplies needed for monitoring the performance of the MOPP during 
remote operation at field sites: 
1) Gas Chromatograph (GC) wi th flame ionization and 
electron capture detectors, and capillary and 
packed column capabili ty, for moni toring the con-
centrations of various organic contaminants and 
their oxidation by-products. 
2) UV/VIS Spectrophotometer, for colorimetric determi-
nation of concentrations of various oxidants. 
3) Portable pH meter, 
4) Reagents and laboratory supplies required for 
sample analysis. 
5) Bench space for sample handling and placement of 
the instruments, and cabinets for storage of lab 
supplies and spare parts for the rest of the MOPP. 
6) Tool box for on-site repairs in the MOPP. 
The control area was designed to allow the operator to perform as 
many functions as possible from a central location. Ozone monitoring 
equipment is wi thin reach, as well as the controls for the ozone 
generator and the solenoid valves for flow control of the ozone/oxygen 
mixture. The control area also houses the refrigerator (used for 
sample storage), the circuit box with main power cut-off, and the chart 
recorder used to provide a record of feed gas and off gas ozone concen-
trations which are continuously monitored during treatment experiments. 
There are also two granular acti vated carbon (GAC) columns and a 
backwash basin available for future use. Space has been provided for 
installation of a computer system.in the control area. This will allow 
continuous data acquisition and automation of the MOPP during Phase II 
of the project. 
The majority of the system's equipment is located in the process 
area. This section of the MOPP contains a 5 kW electric heater that is 
sufficient for keeping the entire trailer at a comfortable temperature 
and the equipment in a relatively constant climate, even on the coldest 
days. It prevents pipe freeze-up in the plumbing manifold during the 
winter. The process area can be ventilated independently of the other 
xiii 
two areas, and cooled air from the laboratory air-conditioning unit can 
be forced into the process area, if needed. Under these conditions air 
can be recirculated between all three areas, or fresh air taken in at 
the laboratory and exhausted from the process area. The equipment in 
the process area includes: 
1) Stirred-Tank Photochemical Reactor (STPR) 
(Howe-Baker, Tyler, TXt 
2) Variable-time retention basin (VRB) (Howe-Baker) 
for allowing more contact time between oxidants and 
water to be treated after the effluent leaves the 
STPR. 
3) Plumbing manifold for directing the feed stream to 
the selected process configuration. 
4) Ozone delivery lines, and solenoid valve assembly, 
for directing gas flow to and from various parts of 
the system. 
5) Mass-flow controllers (MFC's) (Unit Instruments, 
Orange, CA) in the ozone lines for sending a pre-
cise, controlled amount of gas flow to the STPR and 
the ozone monitor. They are regulated by the MFC 
power supply and readout, which is located in the 
control area. 
6) Automatic backflow detector and safety shutoff 
device to protect ozone generato~ 
7) Ozone thermal destruction uni t (Emerson Electric, 
Ogden, UT), an electric heating unit that thermally 
destroys the ozone in the exhaust line before the 
exhaust is released to the atmosphere. 
8) UV lamp power source which contains the ballasts 
and swi tches for the UV lamps. 
9) Metering and centrifugal pumps. 
10) Two 550-gallon storage tanks (one for feed stock 
and one for effluent). 
11) Laboratory sink. 
12) Tubular photochemical reactor (TPR) bank. 
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13) Neptune Microfloc Waterboy (Neptune International 
corp., Corvallis, OR), which simulates a municipal 
water treatment facility (polymer or alum addition, 
tube settling basin, and mixed-media filtration). 
14) 600-gallon aluminum backwash basin for Waterboy. 
These items are described in more detail in the following sections. 
Reactor System 
The reactor used for carrying out the AOPs in the MOPP is an 
eighty-liter stirred-tank photochemical reactor (STPR) constructed from 
316 stainless steel. Stirring is provided by a 3460 rpm turbine 
impeller that pulls ozone into the reactor· and mixes it with the 
reactor charge. The reactor is equipped with six ultraviolet lamps, 
rated at 5.5 watts of UV power apiece. The lamps are located in quartz 
lamp wells, which are suspended through the head plate of the reactor 
and immersed in the liquid. 
Ozone is generated from oxygen in a corona discharge ozone 
generator. The ozone/oxygen stream is split and a portion sent to a 
spectrophotometric ozone monitor. The remainder of the stream is sent 
to the reactor. The gas flow rates of the two streams are controlled 
by mass flow controllers, so that the total flow through the ozone 
generator remains very constant, helping to stabilize the ozone concen-
tration. A manifold of stainless steel solenoid valves allows the feed 
stream to be diverted to waste, and also allows the off gas from the 
reactor to be sampled by the ozone monitor. Precise flow control and 
concentration monitoring allow the accurate determination of the ozone 
dose which is utilized during treatment. 
Preliminary Testing 
.". ;l>J "'£ . . ~ 
The reactor system was tested by performing preliminary mass 
transfer and oxidation experiments. The former were carried out by 
sparging trichloroethylene (TCE) from an aqueous solution in the 
reactor. The mass transfer coefficients so determined are useful for 
estimating the relative contribution of sparging and oxidation during 
pilot-scale operation. These coefficients are also reasonable approxi-
mations to the ozone mass transfer coefficients, which are useful in 
modeling process performance. Values of 0.012 and 0.023 min- 1 were 
determined for the mass transfer coefficients at gas flows of 2 and 4 
SLPM, respectively. 
Oxidation experiments were also carried out using TCE as a model 
contaminant, by spiking Savoy, Illinois tap water with TCE at the 100 
~g/L level, then treating with ozone alone or the combination of ozone 
and ultraviolet light. Flow rates for these experiments were 4 SLPM of 
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1% ozone in oxygen. When the disappearance curves for the ozone/UV and 
ozone only experiments were found to be similar, another ozonation 
experiment was performed at a flow rate of 2 SLPM of 1% ozone. Treat-
ment times required for 90% removal of the TCE by ozone/UV ,ozone (4 
SLPM), and ozone (2 SLPM) treatments were 6.5, 9.0, and 15 minutes, 
respectively. These removal times for the oxidative processes compare 
favorably with a calculated removal time of 100 minutes by oxygen 
sparging (gas stripping) at 4 SLPM. An ozone dose of 6.8 mg/L was 
required for 95% destruction of the TCE (down to a concentration of 5 
~g/L), using ozone/UV. Doses of 7.2 and 9.1 mg/L were required in the 
2 and 4 SLPM experiments, respectively. So, although the low flow rate 
ozonation approached the same efficiency as ozone/UV, destruction took 
twice as long. In an actual installation, the longer treatment time 
for ozone alone would result in larger reactor sizes and thus larger 
capital costs. This effect is more important at higher concentrations. 
Applications and Uses of the MOPP for Industry and Government 
The hydroxyl-radical reactions employed in the advanced oxidation 
processes are capable of destroying any organic contaminant which con-
tains a hydrogen atom, double bond, or transferable electron. This set 
of criteria includes virtually all organic contaminants except the 
perchloro- and perfluoro- compounds such as carbon tetrachloride, 
hexachloroethane, and the freons. If it is necessary to destroy these 
latter compounds, it must be· done photochemically or thermally. 
However, photochemical destruction of the perhalogenated compounds can 
be combined wi th the AOPs. It should be noted that "perchloroethylene" 
is a misnomer for tetrachloroethylene, which can be destroyed by the 
AOPs. 
The AOPs are suitable for the destruction of organic contaminants 
in water, and are subject to some interferences by natural components 
of the water being treated. In many cases, it is economically feasible 
to remove the interfering substance before AOP treatment. Combination 
of AOPs with other treatment processes often produces a treatment which 
is more effective than either individual process. 
The following outline briefly summarizes the types of streams for 
which cleanup by AOPs is appropriate. 
I. CHARACTERISTICS 
A. Aqueous 
B. Organic contaminants at concentrations below that suitable for 
incineration (hundreds of mg/L to below ~g/L level) 
C. Typical interferences (may require removal) 
1) High carbonate/bicarbonate alkalinity (can be removed by 
pH adj ustment and sparging). 
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2) High iron (can be removed by pH adjustment and air 
oxidation, followed by filtration). 
3) High concentrations of nontarget organic material (removal 
method and desirability depend on compound). 
II. EXAMPLES 
A. Industrial wastewater containing organic contaminants 
1) Effective for virtually all organic contaminants, except 
those listed in 2), below. 
2) Not effective for perchlorinated and perfluorinated 
compounds. 
B. Ground water which has been contaminated with organic 
chemicals 
1) Chlorinated ethenes, such as tri chloro- and tetrachloro-
ethylene, and vinyl chloride. 
2) Aromatic hydrocarbons, such as benzene, toluene, xylene, 
and the PAHs. 
3) Phenols. 
4) Pesticides. 
5) Explosives. 
C. Hazardous landfill leachate 
Although TCE is not very reactive with ozone, removal by ozonation 
alone was seen to be almost as fast as by ozone/UV. Rapid oxidation by 
ozonation of compounds that are not readily attacked by ozone has been 
noted in earlier publications from our group, as well as those of other 
investigators. The reasons for this "enhanced ozonation" are discussed 
in the section on the chemistry of the advanced oxidation processes. 
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CHAPTER 
INTRODUCTION AND BACKGROUND 
Improper handling, storage and disposal of organic substances is 
responsible for a significant number of environmental contamination 
incidents in Illinois. Al though many methods are available for the 
treatment of organic contaminants in industrial wastewater and contami-
nated ground water, most methods have drawbacks associated with them. 
Air stripping of volatile organic compounds or carbon adsorption of 
organic components from a contaminated stream result in transfer of the 
contaminants to a different phase such as air or carbon. Incineration 
and wet air oxidation may effectively destroy organic contaminants in 
concentrated waste streams but are not practical for dilute streams. 
There is a need for treatment processes which are capable of converting 
hazardous organic chemicals to harmless by-products, which are 
universally applicable to various organic contaminants, and which are 
practical for use on dilute waste streams. Another desirable feature 
would be the ability to skid- or trailer-mount the process, to make it 
transportable for cleanup of contamination at remote locations. 
One such process is photolytic ozonation, known also as ozone/UV 
treatment (Peyton and Glaze, 1987, 1988). This process has been shown 
to be capable of destroying a wide variety of compounds (Peyton et al., 
1988a, 1989c). Although photolytic ozonation has been commercially 
available since the early 1970's, there has been no generalized and 
reliable cost and design data published for this process. 
Photolytic ozonation has been studied in detail in the Oxidation 
Research Laboratory of the Illinois State Water Survey (ISWS) (Peyton 
et al., 1987a and b, 1988a and b, 1989a and b). These studies have 
recently resulted in the development of a mechanistic model, which can 
now be used to help understand and optimize the process. This model, 
discussed in Chapter 2, unifies photolytic ozonation with other related 
processes such as ozone/hydrogen peroxide, and peroxide/UV. As a 
group, these processes are referred to as Advanced Oxidation Processes, 
or AOPs. 
Advanced Oxidation Processes are defined in our work as those 
which rely on the generation of free-radicals in sufficient quantity to 
destroy organic contaminants in water. This is a somewhat broader 
definition than that given recently by Glaze et al. (1987). The 
effectiveness of these processes is due primarily to the generation of 
hydroxyl radical, one of the most powerful known solution-phase oxi-
dants. These processes have been studied extensively in the labora-
tory, and are now fairly well understood from a mechanistic standpoint. 
The chemistry of the AOPs has recently been reviewed by Peyton (1989). 
Application of these processes to real-world problems, however, is 
occurring very slowly. Engineers have been understandably reluctant to 
specify a relatively unproven process in preference to more traditional 
methods of treatment, such as activated carbon adsorption or air 
stripping. AOPs, however, have a significant advantage over the above 
alternative processes, in that AOPs are capable of converting the 
organic contaminant entirely to innocuous substances such as carbon 
dioxide, water, chloride, etc. leaving no residual contamination. 
Treatment with air stripping or carbon adsorption, on the other hand, 
merely transfers the contamination to another medium. It is therefore 
important to make operating and cost information available to 
engineers, regulators, and administrators, so that these clean 
processes may be called into use where appropriate. 
This project was the first phase in a program to provide 
pilot-scale design and operational data for the AOPs under a variety of 
treatment conditions. Field operation will provide the information 
needed to facilitate the acceptance of these clean treatment processes 
by engineers, regulators, and administrators. The purpose of this 
project was to assemble a mobile treatment unit to be made available in 
Phase II for the testing of the AOPs on contaminated streams from 
various situations, including contaminated ground water, landfill 
leachate, and industrial wastewater. The Mobile Oxidation Pilot Plant 
(MOPP) currently has the capability to operate in the ozone/UV, 
ozone/peroxide, peroxide/UV, ozone-only, peroxide-only, or UV-only 
modes. It can also be operated in the ozone/peroxide/UV mode, but 
little advantage is to be gained from that configuration. The design 
and capabilities of the MOPP are described in detail in Chapter 3. 
Preliminary testing has been performed with the MOPP, in order to 
ensure proper operation of the equipment and to identify any 
inadequacies in the original plant design. In addition, limited tests 
of contaminant destruction were performed, to help delineate operating 
conditions. In order to approximate common ground-water contamination 
conditions the feed solution chosen for these studies was 100 ~g/L of 
trichloroethylene in tap water. These tests are described in Chapter 
4. 
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CHAPTER 2 
THE CHEMISTRY OF THE ADVANCED OXIDATION PROCESSES 
The chemistry of photolytic ozonation has been described in pre-
vious reports (Peyton and Glaze 1988 and Peyton et al., 1987a). The 
reaction system for photolytic ozonation will be only briefly described 
here. 
Photolysis of ozone in water leads to the production of hydrogen 
peroxi de. Hydrogen peroxi de is a very weak aci d (pKa = 11.6) whi ch 
dissociates only slightly in water to form H02-' That species reacts 
with ozone to produce hydroxyl radical (OH), the active species 
responsible for the destruction of organic contaminants (see Figure 1). 
The peroxyl radical (HR02) formed during the oxidation of organic 
species (HRH) can decompose to yield either hydrogen peroxide or 
superoxide (02-)' In these formulas, R denotes an organic functional 
group. Superoxide promotes the chain reaction depicted in Figure 1 by 
reacting very quickly wi th ozone, while peroxide contributes to the 
chain more slowly, through the previously-described reactions. Because 
the photolysis of aqueous ozone produces hydrogen peroxide, hydrogen 
peroxide addition may be used in place of ozone photolysis to establish 
the chain reaction. The trade-offs between the two systems have been 
discussed by Peyton (1989). 
Other solutes which encourage the decomposition of ozone also pro-
mote the chain reaction, so that the presence of these solutes during 
ozonation can cause the generation of hydroxyl radical, even in the 
absence of ultraviolet radiation or hydrogen peroxide. Humic material 
has been shown to function in this manner (Staehelin and Hoigne, 1985; 
Peyton et al., 1989a). This catalytic effect shows considerable varia-
bili ty between different natural waters. Because of the presence of 
these natural promoters, ozonation is frequently almost as effective as 
AOPs for the destruction of dilute contaminants in natural water. The 
production of hydroxyl radicals from ozone decomposi tion in water has 
been studied extensively by Hoigne and coworkers (for a review of this 
work, see Peyton, 1989). 
In more concentrated solutions, such as encountered in the treat-
ment of wastewater containing hazardous organic materials, the sus-
taining oxidation or radical-generating reactions by natural solutes 
are usually too slow. Therefore, one of the AOPs must be used to 
achieve treatment in a reasonable length of time. 
3 
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Figure 1. Mechanistic pathways of the 
Advanced Oxidation Processes (AOPs). 
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CHAPTER 3 
MOPP DESIGN AND CAPABILITIES 
Introduction and Plant Design 
The purpose of assembling the Mobile Oxidation Pilot Plant (MOPP) 
was to study and evaluate Advanced Oxidation Processes (AOPs) on a 
pilot scale. The MOPP was designed so that these AOPs can be investi-
gated under a variety of water treatment situations, such as the treat-
ment of industrial wastewater or contaminated ground water. The MOPP 
can be operated at the State Water Survey headquarters in Champaign, 
IL, or in the field at contaminated sites. 
The forty-foot drop-frame moving van trailer that houses the MOPP 
was obtained from the USEPA in Cincinnati, OH, in May, 1987. The 
finished exterior of the trailer is shown in Figure 2. The trailer had 
originally been used for another pilot water treatment study in Texas. 
Consequently, refurbishment of the trailer was necessary in order to 
prepare the MOPP for the weather conditions of Illinois, and to modify 
the interior to accommodate the equipment needs of the AOPs being 
investigated. All of the materials, equipment, and existing utilities 
were removed from the trailer in preparation for refurbishment. 
To allow year-round operation of the MOPP with interior conditions 
that can be controlled by the operator, the interior walls and ceiling 
were strengthened and insulated. This was accomplished by adding a 
grid of 1" thick firring strips onto the existing walls. These strips 
were secured to the metal framework of the trailer and were used to 
accept screws to mount smaller equipment on the new walls and ceiling. 
The space in the firring strip grid was filled wi th 1" thick 
polyurethane insulation (foil coated on both sides). The original 
walls were insulated with 3/4" insulation and 1/4" plywood, giving an R 
rating of approximately 4 or 5. The new insulation, along with another 
sheet of 1/4" plywood will offer an additional R rating of 7-1/4, 
bringing the total R value to roughly 11-12. The bottom exterior of the 
trailer was sprayed with 3-5" foam insulation (R value = 22). The 
interior floor of the trailer was sanded and recoated with a chemical 
resistant epoxy resin. An inner wall and door were added just inside 
the large cargo door. These can be seen in Figure 3. 
Once the structural modifications were completed, the lights, 
electrical conduit and outlets, and circui t and starter boxes were 
mounted on the walls and ceiling. The water supply and drain, and the 
outside power lines were then connected. These exterior utility 
connections were designed to allow easy connection and disconnection, 
so that the MOPP can be mobilized and installed at a field site with a 
minimum of effort. Many of the electri cal conduit lines and outlets 
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Figure 3. Floor plan of Mobile Oxidation Pilot Plant. 
were kept as they were in the previous configuration, but it was 
necessary to reposition some outlets to new locations in order to 
accommodate the new design. 
The floor plan of the MOPP can be seen in Figure 3. The MOPP was 
di vided into three sections: the laboratory area, the control area, 
and the process area. The analytical laboratory was partitioned off 
from the process area by a noninsulated wall (dry wall) and a door. The 
control and process ar~as were divided by an insulated wall and a door 
that has a plexiglass window for viewing. This wall has a 6' x 7' 
movable section that can be removed to allow large pieces of equipment 
to be moved in or out of the MOPP through the trailer's large exterior 
side doors (see Figure 2). 
The analytical laboratory houses the air-conditioner/heat pump 
that controls the temperature in the laboratory area and control area 
using an exhaust fan above the door. The laboratory area is shown in 
Figure 4. 
The laboratory is equipped with the following instruments and 
supplies needed for monitoring the performance of the MOPP during 
remote operation at field sites: 
1) Gas Chromatograph (GC) wi th flame ionization and 
electron capture detectors, and capillary and 
packed column capability, for monitoring the con-
centrations of various organic contaminants and 
their oxidation by-products. 
2) UV/VIS Spectrophotometer, for colorimetric determi-
nation of concentrations of various oxidants. 
3) Portable pH meter 
4) Reagents and laboratory supplies required for 
sample analysis. 
5) Bench space for sample handling and placement of 
the instruments, and cabinets for storage of lab 
supplies and spare parts for the rest of the MOPP. 
6) Tool box for on-site repairs in the MOPP. 
The control area was designed to allow the operator to perform as 
many functions as possible from a central location. Ozone monitoring 
equipment is within reach, as well as the controls for the ozone gen-
erator and the solenoid valves for flow control of the ozone/oxygen 
mixture (Figures 5 and 6). The control area also houses the refrigera-
tor (used for sample storage), the circuit box with main power cut-off, 
and the chart recorder used to provide a record of feed gas and off gas 
ozone concentrations which are continuously monitored during treatment 
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Figure 4. MOPP laboratory area. 
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Figure 5. MOPP control area showing ozone monitor. 
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Figure 6. MOPP control area showing ozone generator. 
Laboratory area is seen in background. 
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experiments. There are also two granular activated carbon (GAC) 
columns and a backwash basin available for future use. Space has been 
provided for installation of a computer system in the control area. 
This will allow continuous data acquisition and automation of the MOPP 
during Phase II of the project. 
The majority of the system's equipment is located in the process 
area, shown in Figures 7 and 8. This section of the MOPP contains a 5 
kW electric heater that is sufficient for keeping the entire trailer at 
a comfortable temperature and the equipment in a relatively constant 
climate, even on the coldest days. It prevents pipe freeze-up in the 
plumbing manifold during the winter. The process area can be venti-
lated independently of the other two areas, and cooled air from the 
laboratory air-conditioning unit can be forced into the process area, 
if needed. Under these conditions air can be recirculated between all 
three areas, or fresh air taken in at the laboratory and exhausted from 
the process area. The equipment in the process area includes: 
1) Stirred-Tank Photochemical Reactor (STPR) (Howe-
Baker, Tyler, TX) 
2) Variable-time retention basin (VRB) (Howe-Baker) 
for allowing more contact time between oxidants and 
water to be treated after the effluent l~aves the 
STPR 
3) Plumbing manifold for directing the feed stream to 
the selected process configuration 
4) Ozone delivery lines, and solenoid valve assembly, 
for directing gas flow to and from various parts of 
the system 
5) Mass-flow controllers (MFC's) (Unit Instruments, 
Orange, CA) in the ozone lines for sending a pre-
cise, controlled amount of gas flow to the STPR and 
the ozone monitor. They are regulated by the MFC 
power supply and readout, which is located in the 
control area. 
6) Automatic backflow detector and safety shutoff 
device to protect ozone generator 
7) 0 zone thermal des truct i on uni t (Emerson El ectri c, 
Ogden, UT), an electric heating unit that thermally 
destroys the ozone in the exhaust line before the 
exhaust is released to the atmosphere 
8) UV lamp power source which contains the ballasts 
and switches for the UV lamps. 
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Figure 7. MOPP process area. View is from control area. 
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Figure 8. MOPP process area. 
View is from rear of trailer, toward control area. 
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9) Metering and centrifugal pumps 
10) Two 550-gallon storage tanks (one for feed stock 
and one for effluent) 
11) Laboratory sink 
12) Tubular photochemical reactor (TPR) bank 
13) Neptune Microfloc Waterboy (Neptune International 
corp., Corvallis, OR), which simulates a municipal 
water treatment facility (polymer or alum addition, 
tube settling basin, and mixed-media filtration) 
14) 600-gallon aluminum backwash basin for Waterboy 
These items are described in more detail in the following sections. 
Reactor System in the MOPP 
The reactor system in the MOPP was designed from the system that 
is currently being used in the Oxidation Research Laboratory (ORL) at 
the Illinois State Water Survey, Champaign, IL. This design allows 
research-quality data to be obtained from the MOPP, comparable to those 
obtained in the ORL. A schemati c drawing of the system appears in 
Figure 9. Ozone is generated from extra dry oxygen by a corona 
discharge ozone generator (Howe-Baker Engineers, Tyler, TX), rated at a 
capacity of one pound/day. Typical flow rates through the generator 
are 4.0-12.0 LPM at 13-15 pSi. The flow is split and sent through mass 
flow controllers MFC1 and MFC2, which regulate the flow of gas to the 
reactor and the ozone monitor, respectively. A 1.0-3.0 LPM stream of 
the ozone/ oxygen mixture is fed to the ozone moni tor through two 
three-way solenoid valves. The first valve (V1) directs gas to the 
monitor or to exhaust, depending on whether the monitor is reading feed 
gas or off gas. This valve is controlled by the ozone monitor when in 
the feed gas mode, and vents the feed gas sample to exhaust when the 
monitor is in the reference cycle. The valve is always open to the 
exhaust line when in the off gas mode. The second valve (V2) directs 
the stream to be sampled (either the feed gas or the off gas from the 
reactor) to the monitor. This valve is controlled by a switch in the 
control area. Feed gas in this line is diverted to exhaust (as opposed 
to simply closing the line) so that the flow through the generator is 
kept constant, thereby maintaining a constant concentration of ozone in 
the feed gas. The valve manifold and mass flow controllers are shown 
in Figure 10. 
The other mass flow controller (MFC2) directs gas to a three-way 
solenoid valve, the arms of which are connected to the STPR and to 
exhaust. This valve is also operated by a switch in the control area. 
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The valve is maintained in the exhaust position when warming up the 
generator, so that feed gas bypasses the reactor. The valve is then 
switched to direct feed gas to the reactor when an experiment begins. 
There are two more solenoid valves located in the feed gas line. 
They are two-way valves, one normally-open and one normally-closed. 
These valves are part of the emergency shutdown devi ce, and will be 
described below. 
After the feed gas passes these valves, it is sent to the STPR and 
is mixed with the reactor charge by the turbine in the reactor. The 
turbine is operated by a 3460 rpm motor (220 VAC) and creates a vacuum 
in the reactor which "pulls" the feed gas into the reactor, and 
vigorously mixes it with water in the turbine, providing effective mass 
transfer of the ozone into solution. The reactor is described in more 
detail in the Experimental Section of Chapter 4. 
Figure 11 shows a more detailed schematic of the off gas and 
exhaust lines. The heads pace in the STPR is pressurized during a 
reaction by closing the two-way valve in the STPR exhaust. A relief 
valve is set in parallel to this valve, which controls the head 
pressure at about 3 psi. When monitoring the off gas concentration, 
part of the off gas flow is sent to the monitor, and the excess is sent 
directly to exhaust. When monitoring feed gas, the entire off gas flow 
is sent through the relief valve to exhaust. All exhaust gas lines are 
eventually fed into the Ozone Thermal Destruction Unit where any 
remaining ozone decomposes into oxygen before being emitted into the 
atmosphere. Complete destruction of ozone was checked by rerouting the 
effluent gas from the destruction unit to the ozone monitor. 
All parts of the system that come in contact with ozone are stain-
less steel, teflon(R), viton(R), quartz or glass. The solenoid valves 
were obtained from Airmatic-Allied, Inc., Wilmington, OH. All tubing 
is 3/8" o. d. 304 stainless steel, and all fittings are Swagelok 
fi ttings <316 stainless steel). The ultraviolet (UV) lamps, model 
G10T5-1/2L (American Ultraviolet, Murray Hill, NJ) are rated at 5-1/2 
watts (each) of output in the ultraviolet region. The lamps are housed 
in quartz lamp wells in the STPR. 
Because the STPR turbine action creates a vacuum in the inlet gas 
line, there is the possibility of a backflow of water into this line if 
the turbine is turned off, particularly while there is still heads pace 
pressure in the STPR. Water in the MFC' s, ozone moni tor, or ozone 
generator could cause serious damage to the equipment. Therefore, an 
emergency shutdown device has been installed that can detect a backflow 
of water, close the lines, and shut off power to the ozone generator. 
It is diagrammed in Figure 12. If water backs up through the line, a 
float that contains a magnet will activate a set of relays via a reed 
switch. These relays shut off power to the ozone generator, and close a 
normally-open solenoid valve. During regular operation, another 
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normally-closed solenoid valve is energized, allowing flow through the 
feed gas line. If a power failure should occur, this valve closes and 
protects the sensitive equipment upstream as well. 
The plumbing schematic is shown in Figure 13. Water from supply 
is pumped to the feed stock tank where it can be stored until treatment 
takes place. The system is designed for ei ther batch or continuous 
flow runs. When the operator is ready to begin treatment, a metering 
pump (MP1) pumps the influent into the STPR. If a batch run is being 
performed, the STPR is emptied through a drain valve when the water is 
completely treated, or is pumped back into the feed stock tank via MP1 
if it must undergo further treatment. If it is a continuous flow 
experiment, the water flows out of the STPR through an overflow weir in 
the reactor and enters the plumbing manifold (see Figure 14 for 
schematic of STPR). From here it may enter the detention basin, the 
effluent tank, or the bank of Tubular Photochemical Reactors (TPRs) for 
further treatment. Several sampling points are located throughout the 
system to allow evaluation of the treated water at various points in 
the system. These points are shown in Figure 13. 
Other Capabilities 
As mentioned earlier, the MOPP contains some process equipment 
that is not directly related to the AOP system. These items can be 
connected to the main system in order to investigate the relationship 
of these processes to each other. For example, the Waterboy simulates 
a municipal water treatment facility, allowing coagulation and floccu-
lation steps to be carried out on a pilot scale. The AOP system can be 
connected to the Waterboy in order to investigate the feasibility of 
adding AOPs to existing drinking water treatment plants. 
There are also several GAC Columns and backwash basins available 
for use in a variety of processes, such as direct treatment of 
effluent, or with modification, air stripping/carbon adsorption/steam 
desorption followed by treatment of the condensate with ozone/UV. 
The MOPP is primarily designed for the investigation of AOPs. It 
can be linked to other processes, or adapted to different water treat-
ment situations, so that the MOPP can provide a maximum amount of 
flexibili ty in obtaining pilot scale data for AOPs. Its capabilities 
allow it to serve as an independent water treatment facility, with an 
on-si te laboratory for real-time analysis of treated water, allowing 
on-site evaluation of process configurations. Because of its design, 
laboratory-quality data can be obtained on pilot scale processes. The 
MOPP can thus be used as an integral tool for the promotion of AOPs as 
accepted water treatment processes on a large scale. 
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eafety 
Ozone is a toxic gas and must be prevented from escaping in sig-
nificant quantities into the MOPP atmosphere or the environment. 
Fortunately, the odor of ozone is detectable by humans at concentra-
tions which are considerably below toxic levels. The turbine contactor 
creates a negative pressure (relative to atmospheric) in the 3/8" 
transfer lines which connect the ozone generator to the reactor, so 
that in the event of a leak, air is pulled into the line, rather than 
ozone escaping from it. Downstream from the reactor, short tubing runs 
and larger diameter (1") pipe are used to minimize back pressure 
between the reactor and the ozone kill unit. 
Ozone is generated from oxygen, which can greatly accelerate 
kindling and combustion of flammable materials of construction. Oxygen 
tanks and regulators are stored outside the MOPP in a small shed. Oxy-
gen plumbing is thoroughly leak-checked after disconnection/reconnec-
tion or plumbing modifications. 
Some spill/leak containment is provided by a small drip pan under 
the storage tanks. This pan would contain a moderate leak while the 
contents of the leaking tank were transferred to the other tank. 
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CHAPTER 4 
TESTING 
Testing of the Mobile Oxidation Pilot Plant involved several 
phases, which include the checking of individual instruments, testing 
of complete systems (such as the ozone delivery system or the plumbing 
system), and finally, the operation of the entire plant. Once this was 
accomplished, actual destruction of organic compounds was investigated. 
Therefore, the experimental and testing section of the project had 
three goals: 
1) To test-run the system and make adjustments or com-
plete changes in the configuration in order to 
operate the MOPP efficiently and obtain accurate, 
appropriate data. 
2) To obtain useful mass transfer data in order to 
descri be the system's capabilities from an engi-
neering standpoint. 
3) To perform limited experiments on the destruction 
of organic contaminants by the MOPP and use these 
experiments as a basis for fine-tuning the system. 
Once these goals were met, it became possible to design future 
experiments more accurately and efficiently. These early runs also 
provided the operator time to become familiar with the characteristics 
of the system, so that on-site troubleshooting can be quickly and 
easily accomplished in the future. 
Test Run of the System 
When the assembly was completed, and the system began functioning, 
it was found that the ozone monitor required a surge suppressor in line 
to protect the sensitive detector and light source from voltage spikes. 
During the initial testing phase, the monitor gave very erratic 
readings. After the surge suppressor was installed along with a new UV 
lamp, the monitor functioned normally. 
Once the preceding obstacle was rectified, tests were begun to 
determine the mass-transfer capabili ties of the reactor and its per-
formance in the destruction of trichloroethylene (TCE). During these 
initial experiments, some previously hidden, serious problems were 
found with the CSTPR. An internal seal in the turbine shaft had worn 
and failed. This had several effects: 
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1) Air was being drawn into the CSTPR, thus diluting 
the measured concentration of ozone into the 
reactor to an unknown value. 
2) The mass-transfer coefficient, a characteristic of 
the reactor, could not be determined at low flow 
rates, such as 2.0 and 4.0 LPM, since the majority 
of the effective flow rate came from the leak in 
the shaft. The apparent mass transfer coefficients 
determined at these two flow rates were, in fact, 
identical, which led to the discovery of the leak. 
3) The leak allowed lubricating grease from the shaft 
to be pulled into the reactor and collect on the 
walls of the lamp wells and the reactor itself. 
Considerable data collected before the problem was 
identified were not used. 
These Kerag-type turbines are known for their good mass transfer 
characteristics and the safety feat~e of the ozone lines being main-
tained at subambient pressures. It was desirable to retain these 
features in the MOPP. Therefore, the reactor was modified in the 
University of Illinois machine shop, after it was determined that the 
seal design was inadequate. The turbine was redesigned to use a 
spring-loaded vacuum seal that could withstand a considerably greater 
vacuum than that generated by the turbine. The new seal controlled the 
leak and kept the lubricant from entering the reaction vessel. An oil 
slinger was added to the shaft, to divert grease before it reached the 
seal. As a further precaution, a teflon(R)-based lubricant is being 
used in place of the hydrocarbon grease. This repair was an improvement 
over the original design of the apparatus and now allows accurate 
measurement and control of the flow rate through the reactor. After 
these modifications, accurate and reliable data could be obtained. We 
recommend that these modifications be made to commercial units. 
Mass Transfer Determinations and Contaminant Destruction Testing 
Experimental 
Reactor System As described earlier, the reactor is a 
continuously-sparged Stirred Tank Photochemical Reactor (STPR). The 
ultraviolet lamps are housed in two quartz lamp wells mounted through 
the top of the reactor. These lamp wells are sealed to the reactor 
head with viton(R) o-rings and a stainless steel mounting plate. The 
reactor body (approximately 120 L total volume, 80 L liquid volume) is 
entirely of stainless steel construction (Howe-Baker Engineers, Tyler, 
TX) with a turbine mixer of the Kerag type, driven by a 3460 rpm motor 
(220 VAC). Rings and seals are viton(R). 
26 
The ozone and liquid delivery systems were described in detail in 
Chapter 3. The UV lamps (American Ultraviolet, Murray Hill, NJ) were 
rated by the factory at 5-1/2 W of UV power @ 100 hrs of life. Proper 
lamp operation is checked visually from the top of the reactor. 
Analytical Methods -- Many of the analytical methods used were the 
same as those developed and used during laboratory investigations at 
the Oxidation Research Laboratory. 
The oxidants that were analyzed in solution during an ozone/UV run 
were ozone and hydrogen peroxide. Ozone was measured using the Indigo 
Method developed by Bader and Hoigne (1981). Peroxide concentrations 
were measured colorimetrically after the formation of the 
titanium-peroxo complex. Both of these techniques are described in 
earlier work (Peyton and Glaze, 1988). Both analyses employed the use 
of a UV/VIS spectrophotometer (Ultrospec II, LKB Biochrom Ltd., 
Cambridge, England). Solution pH values were measured using a Beckman 
portable pH meter with an Orion model 91-56 combination electrode 
(Beckman Instruments, Fullerton, CA). 
The concentration of trichloroethylene (TCE) was measured using a 
Hewlett-Packard 19395A headspace sampler interfaced to a Varian 3700 
gas chromatograph (GC). The column used in the GC was a 30 meter DB-5 
fused silica capillary column (0.75 mm Ld.), connected to a Hall 
electrolytic conductivity detector. The carrier gas was ultra high 
purity helium. The entire system was interfaced to a Varian CDS 401 
data station. Samples were equilibrated for 20 minutes at 50 0 C before 
the headspace was sampled. The sampling interval was 20 minutes. 
The temperature program for the GC analysis was: 
1) Initial Temperature 32°C, 
2) Final Temperature = 70 oC, and 
3) Temperature Programming Rate 
The organic samples were collected in a 20 mL crimp-cap vial. 
A 15 mL aliquot of reaction solution was added to the vial along with 
the following reagents: 
1) 20 ~L of internal standard (65.5 ~g/mL of dichlorobutane), 
2) 25 ~L of 0.2 M NaHS03 to quench remaining ozone, and 
3) 25 ~L of 5.0 mg/L catalase to quench remaining H202. 
The samples were sealed as they were taken, then immediately after 
the experiment, the entire set of samples was brought from the pilot 
plant to the Water Survey (approximately 5 miles) for analysis because 
the new gas chromatograph was being installed in the MOPP at the time 
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of the experiments. If the samples could not be analyzed immediately, 
they were stored in a refrigerator overnight. TCE was quantitated by 
comparison with a standard curve. 
Bovine liver catalase was obtained from Sigma Chemical Co. 
(St. Louis, MO). All other chemicals were reagent grade and were used 
wi thout purification. Tap water was used in all experiments unless 
otherwise noted. 
Typical Ozone/UV Experiment -- The following protocol was observed 
in performing a batch ozone/UV experiment: 
1) Sample Preparation 
a) All sample vials were labeled and filled with 
necessary reagents. 
b) Quenching reagents and internal standard were 
placed in automatic pipet near the reactor 
just before experiment began. 
2) Reactor Preparation 
a) Reactor was filled to the overflow weir with 
tap water. (See STPR diagram, Figure 6 for 
reactor design.) 
b) If UV lamps were to be used, they were warmed 
up for approximately 10 minutes before the 
contaminant was added. They were turned off 
momentarily while the organic compound was 
added. 
c) The predetermined amount of an aqueous con-
centrate of organic contaminant was added to 
the tap water through a port in the top of 
the reactor. 
d) The reactor turbine was turned on (with all 
gas and liquid valves closed) for several 
minutes to insure proper mixing, just before 
the experiment was begun. 
3) Ozone System Preparation 
a) The Mass Flow Controllers were turned on and 
adj usted to the necessary flow rates. The 
ozone monitor, thermal destruction unit, 
solenoid valves, and emergency shutdown 
system were all turned on. 
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b) Cooling water flow was begun through the 
generator. 
c) Oxygen was turned on, and flow begun through 
the generator. 
d) The generator was turned on along with the 
strip chart recorder, and the power control 
of the ozone generator was adj usted to the 
proper output for the desired feed gas con-
centration. 
e) During warm-up, feed gas was by-passed to 
exhaust while the monitor levels stabilized. 
Warm-up time was approximately 15 min. 
4) Reaction Procedures 
a) After the feed gas concentration had 
stabilized, samples were taken for ozone, 
peroxide, pH, and organic contaminant, prior 
to beginning the experiment. 
b) Lamps were turned on, the reactor was turned 
on, feed gas was sent to STPR, and the 
monitor was set to read the off-gas emanating 
from the STPR. 
c) The strip-chart recorder was used to record 
the ozone moni tor output, to mark changes 
between feed gas and off gas measurement, and 
to record time at which samples were taken. 
d) Samples for ozone, peroxide, and organic 
determinations were taken as often as 
possible, on the average of once every 90 
seconds at first, and at a slower rate as the 
reaction proceeded. 
5) Shutdown Procedures 
a) When the run was over, the ozone generator 
power was turned off, but oxygen and cooling 
water flow were continued for approximately 
15 minutes. 
b) The two-way valve in the off gas exhaust line 
was opened, relieving the head pressure in 
the reactor before the turbine was turned 
off, and the three-way valve in the feed gas 
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line was opened to the atmosphere, to prevent 
any possible back flow from entering the feed 
gas lines. 
c) The turbine was turned off, and the treated 
water was drained from the reactor. 
d) After the ozone lines had been purged with a 
sufficient amount of oxygen to remove all 
ozone, the rest of the system was shut down. 
e) Oxidant samples were analyzed by colorimetric 
methods in the MOPP laboratory area, and 
organic samples were brought to the Water 
Survey for analysis. 
Runs were made using the following parameters: 
1) Ini tial concentration of trichloroethylene: 
100 llg/L 
2) Feed gas flow: 2.0 and 4.0 LPM 
3) Ozone concentration in the feed gas (percent 
by weight): 1.0% 
Although the liquid volume of the reactor is 80.0 L, gas holdup 
forces some overflow when the turbine is first started, so that the 
actual liquid volume treated is 74.5 L. 
Tests were made at each ozone flow rate using pure oxygen only, 
ozone at the desired concentration, and finally ozone/UV using 6 lamps. 
Six lamps correspond to an ultraviolet dose rate of 0.44 watt/L. Test 
results are discussed below. 
Complete mixing was determined in separate studies by concentra-
tion equilibration at the sample port after spiking of organic probe 
compound into the top of the reactor. 
Results and Discussion 
Trichloroethylene was chosen as the test contaminant for a variety 
of reasons. It is a common industrial solvent that is a common 
ground-water contaminant. It has a very low maximum allowable concen-
tration limit in drinking water and is a suspected carcinogen. Its con-
centration in water can be readily determined using static heads pace 
gas chromatography with electrolytic conductivity detection. 
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Figure 15 compares the results of the sparging (by oxygen), ozona-
tion, and ozone/UV destruction of trichloroethylene (TCE) at flow rates 
of 2.0 and 4.0 standard liters per minute (SLPM), and an initial ozone 
feed gas concentration of 1.0%. The reactor is filled with 80 liters 
of a 100 ~g/L solution of TCE in tap water. The level drops to 74.5 L 
as soon as the turbine is started. The graph shows that ozonation 
appears to remove TCE from solution much more quickly than sparging the 
solution with 4 SLPM of oxygen. The ozone/UV run removes TCE a little 
faster than ozone alone. Similar results are seen for the 2 SLPM runs, 
also shown in Figure 15. No attempts have been made to optimize the 
reaction conditions. 
It was found from the early sparging experiments at 4 SLPM and 2 
SLPM of oxygen that the loss of TCE appeared identical in both experi-
ments (see Figure 16). This led to the discovery of the leak in the 
reactor shaft seal (described previously). After the turbine was 
repaired, the sparge runs gave different results. A first order plot 
of these four experiments is shown in Figure 16. The mass transfer 
coefficients obtained from these experiments are 0.012 min- 1 and 0.023 
min- 1 at 2 SLPM and 4 SLPM, respectively. The values of these 
coefficients imply that the leak rate was greater than 4 SLPM. 
The results of the tests of the removal of TCE by sparging, ozona-
tion, and ozone/UV are compared in Table 1, which lists the treatment 
time required to reduce the concentration of TCE to 10% of its original 
concentration. Sparging is seen to remove TCE, but at a rather slow 
rate. Ozonation at 2 SLPM is considerably faster, taking only 15 
minutes under these conditions. Doubling the ozone flow rate appears 
to essentially double the removal rate by ozonation. The use of UV in 
addition to ozone increases the disappearance rate by another 20%. 
Table 1. Relative 90% Removal Times of TCE by Sparging, 
Ozone Alone, and Ozone/UV 
Removal times, minutes 
2 SLPM 4 SLPM 
Sparging 
Ozone alone 
Ozone/UV 
192(a) 
15 
(b) 
(a) Calculated from rate constants 
(b) Not run 
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100 (a) 
9.0 
6.5 
LO 
0.9 
0.8 
0.7 
0.6 
[TCE] 0.5 [TCE] 0 
0.4 
0.3 
0.2 
0.1 
0.0 
0 
.. Sparge at 2 LPM of oxygen. 
E) Sparge at 4 LPM of oxygen. 
G) Ozonation with 2 LPM gas flow" 1% ozone • 
.. Ozonation with 4 LPM gas flow, 1% ozone. 
A Photolytic ozon.ation using 4 LPM gas flow, 1% ozone, 
and 6 ultraviolet lamps. 
10 20 30' 40 
Figure 15. Rem.oval of TCE from tap water using 
sparging, ozone, and ozone/UV. 
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50 t (min) 
"lrt[TCE] 
lTCE] 0 
t (min) 
0 10 20 30 40 
0.0 
-0.2 
-0.4 
-0.6 
-0.8 0 
-1.0 
[) 
"-" 
0 
0 2 LPM before reactor leak is fixed. (kla = 0.045 min-I) 
[J 4 LPM before reactor leak is fixed. (kla = 0.047 min-I) 
() 2 LPM after reactor leak is fixed. (kla = 0.012 min-I) 
• 4 LPM after reactor leak is fixed. (kla 
0.023 min-I) 
Figure 16. Sparging of TeE from stirred-tank photochemical reactor, 
before and after repair. The mass transfer eoeffi.cient, kID, 
is denoted by ksparge in the text. 
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However, the method of stating the results used above is specific 
to our reactor and conditions, and is not generalizable to other 
reactors and situations. Direct empirical interpretation of the disap-
pearance curves can be misleading. As the following brief analysis 
will show, a kinetic analysis of the data casts it into a more 
generalizable form. 
The curves shown in Figure 15 are approximately exponential, 
within the precision of the data. Therefore 
and 
dC 
dt 
ln (C/C o ) 
(1) 
(2) 
where C and Co are the instantaneous and initial concentrations of TCE, 
and kobs is the observed first-order rate constant. Since the sparging 
data are also first order (Figure 16), kobs can be decomposed into 
sparging and oxidation components. 
kobs ksparge + kox 
At the point of 95% removal, C/Co is approximately equal to 1/e3 (1/e3 
= 0.0498), where e is the natural logarithm base. Therefore, kobs can 
be evaluated at that point by the equation 
In(CICo ) In(1Ie3 ) (4) 
or 
3/t' (5) 
where t' is the time required to achieve 95% removal of the TCE. 
Values of the rate constants, characteristic time t', and the required 
ozone dose are listed in Table 2. 
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Table 2. Rate Constants and Required Ozone Doses for 
TCE Removal in Preliminary MOPP Experiments 
t' , kobs ks~a~~e, kox' Ozone dose, 
Experiment min min- i mln min- 1 mg/L 10Ii x moliL 
03' 2 SLPM 19 0.16 0.012 0.15 7.2 1.5 
03' 4 SLPM 12 0.25 0.023 0.23 9.1 1.9 
°3 /UV , 4 SLPM 9 0.33 0.023 0.31 6.8 1.4 
It was apparent that while doubling the ozone flow rate almost 
doubled the disappearance rate of TeE, some of that increase is due to 
sparging, and it actually takes 26% more ozone to accomplish the same 
TeE removal. The use of ozone/UV was not only faster than either ozone 
configuration, but requires less ozone, as well. The factor which 
would decide between these (unoptimized) processes would be the cost of 
adding UV compared to the greater capital cost for ozonation due to the 
increased size of the reactor required to allow the longer treatment 
time necessary. Optimization studies would undoubtedly reduce the 
ozone requirement of both ozone and ozone/UV. 
The removal time of TeE could be made as short as desired, by 
simply increasing the ozone dose rate. However, higher dose rates lead 
to less efficient utilization of the ozone, so a trade-off between 
reaction time and required ozone dose is reached. The optimum position 
in this trade-off is a function of several aspects of the treatment 
situation, and is an engineering decision which must be made at the 
time of process design. More detailed studies of treatment time versus 
ozone dose used would be required to provide the information necessary 
to make that decision. 
No accumulation of oxidants in the reactor was observed during 
these runs. Preliminary tests for ozone decomposition in the transfer 
lines indicated that the ozone was not being destroyed until it reaches 
the reactor. The lack of oxidant accumulation in the reactor, the 
similari ty of the experimental results at 2 LPM and 4 LPM, and the 
similarity in the rate of ozone/UV and ozone-only destruction of TeE 
are consistent wi th the existence of a "promoter" in the water source 
used in preparing the test solutions. A promoter is a substance which 
catalyzes the production of hydroxyl radical from ozone (see Staehelin 
and Hoigne, 1985; Peyton et al., 1987a; and Peyton and Glaze, 1988). 
While effective in maintaining the chain reaction, these promoters also 
encourage the destruction of ozone when it is present in amounts 
greater than the contaminant being destroyed. Because of these 
reactions, careful optimization of the system is required for treatment 
of dilute contaminants. 
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Only preliminary data have been collected on the operation of the 
MOPP thus far. No attempt has been made to optimize the efficiency of 
the system. Characteristics of this system will be compared and 
contrasted to those of the established laboratory-scale system at the 
Water Survey during the 'next phase of the project. However, the 
preliminary results to date demonstrate that MOPP is functioning 
properly and is effective in destroying organic contaminants in water. 
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CHAPTER 5 
SUGGESTIONS FOR FUTURE WORK 
The purpose of assembling the MOPP was to provide operating data 
for Advanced Oxidation Processes at the field scale. This will allow 
evaluation of these AOPs with respect to feasibility and cost 
effectiveness, and provide the design information which is missing from 
the literature. The AOPs need to be tested on a variety of waters 
including contaminated ground water, landfill leachate, and industrial 
wastewater. Although much useful information can be obtained by use of 
synthetic ground water and wastewater, operation in the field on actual 
streams is required to provide the real-world data which is needed to 
convince engineers and administrators to include AOPs in their plans 
and designs. Longer-term operation can also uncover operational and 
material problems which may not appear in smaller-scale or shorter-term 
operation. 
The following topics are therefore suggested for future work: 
1) Comparison of MOPP reactor with standard laboratory reactor. This 
is essential to determine that the mechanistic models developed 
previously using a laboratory reactor constructed of inert 
materials apply to a real-world reactor constructed of stainless 
steel. The models are in turn used to interpret data and vary 
operating parameters in order to approach optimum conditions. 
2) Pilot-scale comparison of the Advanced Oxidation Processes for 
cleanup of contaminated ground water, landfill leachate, and indus-
trial wastewater, using the MOPP. A sufficient number of 
configurations and conditions should be used so that optimum con-
ditions can be determined. Approximate treatment costs should be 
estimated from the operational data, and compared with other 
published estimates for the AOPs as well as other processes. 
3) Long-term operation should be carried out, in order to identify 
operational and materials problems which may not appear in 
smaller-scale or shorter-term operation. In addition, required 
operator time for these processes, although a major contributor to 
the operating costs of smaller systems, is not well established, 
and could be determined from longer-term tests under steady-state 
conditions. 
4) Presentation and publication of the results of the recommended 
studies is necessary for information transfer to the water treat-
ment community. 
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CHAPTER 6 
APPLICATIONS AND USES OF MOPP FOR INDUSTRY AND GOVERNMENT 
The hydroxyl-radical reactions employed in the advanced oxidation 
processes are capable of destroying any organic contaminant which con-
tains a hydrogen atom, double bond, or transferable electron. This set 
of cri teria includes virtually all organic contaminants except the 
perchloro- and perfluoro- compounds such as carbon tetrachloride, 
hexachloroethane, and the freons. If it is necessary to destroy these 
latter compounds, it must be done photochemically or thermally. 
However, photochemical destruction of the perhalogenated compounds can 
be combined wi th the AOPs. It should be noted that "perchloroethylene" 
is a misnomer for tetrachloroethylene, which can be destroyed by the 
AOPs. 
The AOPs are suitable for the destruction of organic contaminants 
in water, and are subject to some interferences by natural components 
of the water being treated. In many cases, it is economically feasible 
to remove the interfering substance before AOP treatment. Combination 
of AOPs with other treatment processes often produces a treatment which 
is more effective than either individual process. 
The following outline briefly summarizes the types of streams for 
which cleanup by AOPs is appropriate. 
I. CHARACTERISTICS 
A. Aqueous 
B. Organic contaminants at concentrations below that suitable for 
incineration (hundreds of mg/L to below ~g/L level) 
C. Typical interferences (may require removal) 
1) High carbonate/bicarbonate alkalini ty (can be removed by 
pH adj ustment and sparging) 
2) High iron (can be removed by pH adjustment and air oxida-
tion, followed by filtration) 
3) High concentrations of nontarget organic material (removal 
method and desirability depend on compound) 
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II. EXAMPLES 
A. Industrial wastewater containing organic contaminants 
1) Effective for virtually all organi c contaminants, except 
those listed in 2), below 
2) Not effecti ve for perchlorinated and perfluorinated com-
pounds 
B. Ground water which has been contaminated with organic chemi-
cals 
1) Chlorinated ethenes, such as tri chI oro- and tetrachloro-
ethylene, and vinyl chloride 
2) Aromatic hydrocarbons, such as benzene, toluene, xylene, 
and the PAHs 
3) Phenols 
4) Pesticides 
5) Explosives 
C. Hazardous landfill leachate 
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